The conversion of zearalenone by various microorganisms was studied. A new polar metabolite was formed in addition to a-and I-zearalenols. The structure of the new metabolite was determined as zearalenone-4-Osulfate conjugate on the basis of enzymatic and acid hydrolysis, followed by mass spectrometry, nuclear magnetic resonance, and infrared spectroscopic analysis. The results obtained demonstrate that Rhizopus arrhizus catalyzes sulfation of zearalenone at the C-4 hydroxyl group.
In this report we describe the isolation, identification, and spectroscopic characterization of zearalenone-4-O-sulfate from zearalenone as a major conjugate by Rhizopus arrhizus IFO-6155.
MATERIALS AND METHODS
Equipment. Melting points were determined on a Thomas Hoover Unimelt capillary melting point apparatus and are uncorrected. Infrared spectra were recorded on a Nicolet 5 DXB, FT-IR spectrophotometer. Mass spectra were determined on a VG 7070 E-HF mass spectrometer. 'H (300 MHz) and '3C (75 MHz) nuclear magnetic resonance (NMR) spectra were recorded in deuterated dimethyl sulfoxide solution with a Nicolet NT-300-W3 spectrophotometer using trimethylsilane (8 = 0) as an internal reference standard. High-pressure liquid chromatography analysis was performed with a Beckman 110A pump and an ISCO variablewavelength absorbance detector operated at 254 nm. An ultrasphere 5,u ODS column (4.6 mm by 25 cm, Altex Scientific Inc., Berkeley, Calif.) was used to identify the metabolites with an isocratic solvent system of water-saturated dichloromethane containing 1% absolute ethanol and 1% glacial acetic acid at a flow rate of 1 ml/min. The external standard method (24) was used for determining the percentage yield of a-and P-zearalenols.
Microorganisms. All cultures were grown on Sabouraud * Corresponding author. dextrose agar (Difco) slants and stored in a refrigerator at 4°C in sealed screw-cap tubes until needed. Microorganisms were either purchased from the American Type Culture Collection (ATCC strains) or obtained from the U.S. Department of Agriculture, Northern Regional Research Laboratories (Peoria, Ill.) (NRRL strains). Seven genera (23 species) of microorganisms were used for potential metabolism of zearalenone, including Aspergillus (4 species), Curvularia (2 species), Cunninghamella (3 species), Fusarium (3 species), Penicillium (2 species), Rhizopus (5 species), and Streptomyces (4 species).
Chromatographic conditions. Thin-layer chromatographic analyses were carried out on precoated silica gel G-25-UV254
glass plates (Macherey-Nagel Duren). They were developed in CHCl3-CH30H (8:2, vol/vol), made visible under UV light, and sprayed with 1% ceric sulfate in 3 N H2SO4.
Column chromatography was performed for the isolation of the metabolites with silica gel (40-140 mesh; Baker analyzed 3404) activated at 110°C for 30 min before use. Culture and fermentation procedures. Biotransformation experiments were performed by shake culture techniques, with the two-stage fermentation procedures and the media and culture conditions described previously (7) . After 24, 48, 72, and 120 h, 3-ml samples of the complete incubation mixtures were withdrawn and extracted with 1.5 ml CHC13-CH30H (9:1, vol/vol), and 30 ,ul of the extracted layer was spotted on plates for analysis. Most transformations were continued until no further increases in metabolites were observed.
Microbial metabolism of zearalenone by R. arrhizus . A total of 400 mg of zearalenone I was dissolved in 2 ml of dimethyl formamide and distributed equally among 20 A preparative-scale fermentation was performed with R.
arrhizus with zearalenone I as a substrate, and metabolite II was isolated and purified as a major metabolite conjugate. This metabolite was found to be present mainly in the cells and not in the fermentation broth. Extraction of metabolite II with methanol resulted in a pure product, which recrystallized from CH30H-CH3COCH3. The fast-atom bombardment mass spectrum of metabolite II showed a molecular ion mlz of 398 (M+), which coincided with the addition of 80 atomic mass units of the SO3 moiety to zearalenone. The loss of SO3 from the M+ ion gives an m/z of 318, which is indicative of an oxygen-sulfate conjugate. Based upon this information, the metabolite was tentatively assigned structure II: zearalenone sulfate. To confirm the presence of the sulfate group, metabolite II was hydrolyzed by acid to yield aglycone, which was identified as zearalenone. The aqueous solution from the acid hydrolysis was treated with 10% BaCl2-HCl solution, resulting in a white precipitate presumed to be BaSO4. Further support for the presence of a sulfate conjugate was obtained after treatment of II with Helix pomatia sulfatase. The formation of the aglycone identified as zearalenone as well as the formation of a white precipitate after the addition of BaCl2-HCl to the aqueous layer strongly support the presence of a sulfate group in metabolite II. Infrared spectroscopy of the metabolite showed a peak at 1,050 cm-', due to the presence of a sulfate moiety, and an absorption maximum at 3,290 cm-', indicating the presence of an intramolecular hydrogen bonding between the C-2 hydroxyl group and the lactone carbonyl, which in turn indicates C-4 substitution. Also, the frequency at 1,690 cm-' of the lactone carbonyl supports C-4 substitution, rather than the reported C-2 substitution at 1725 cm-' (8) . 'H NMR of the metabolite II showed a chemical shift pattern similar to that of zearalenone except for the aromatic protons in the metabolite, which were observed at 8 7.15 and 6.87 as compared with 8 6.49 (H-3), and 6.42 (H-5) in zearalenone ( Table 1 .85 (C-6) of zearalenone, are quite similar except for the C-4 signal, which is deshielded by 2.40 ppm, indicating substitution at the C-4 phenolic hydroxyl group. Also the C-i' signal was shielded by 1.59 ppm from that of zearalenone. The effect of aromatic substitution of zearalenone was discussed in detail previously (6) .
The results obtained from mass, infrared, and 'H and 13C NMR spectrometry and acid and sulfatase hydrolyses clearly support the identification of the sulfate conjugate at the C-4 position of zearalenone.
Sulfation and glucuronidation are well-documented metabolic pathways in the mammalian system (10, 11) . However, glycosylation by microorganisms is not a common pathway (15) . Sulfation by a microbial system is extremely rare. Phenolic hydroxyl groups are good substrates for sulfate conjugation (3), and sulfate conjugates of phenolic hydrocarbons have been reported (4, 14) . Zearalenone metabolic studies on turkeys indicated the formation of zearalenone sulfate, but no further structural elucidation was reported (20) . These reactions are poorly understood in microbial systems, and further studies are needed to understand the role of microbial transformation of mycotoxins in nature. This work is the first report of zearalenone sulfation by microbial transformation. It should provide new insights for the mechanism of formation of similar mycotoxin conjugates in nature. ADDENDUM Plasencia and Mirocha (21) have recently shown that zearalenone 4-sulfate is also produced by Fusarium graminearum grown on rice.
